after multiple processing steps on large data sets, such that they are very dependent on the methods of analysis. To obtain images data may have to be pooled from several subjects. Owing to these drawbacks, these techniques are a long way from providing a dynamic integrated picture of nervous system activity, and care has to be taken to avoid overinterpretation of results.
Positron emission tomography

TECHNIQUE
Oxygen, carbon and fluorine, among other elements, have short-lived isotopes that decay by positron emission. When a positron is emitted by such an element it is annihilated by encounter with an electron after travelling a short distance (up to about 7 mm) with the release of two gamma rays (511 KeV high energy photons) at 180Њ to each other. These gamma rays produce light when in collision with scintillation detectors consisting of heavy metal crystals (barium, bismuth or caesium compounds). The light signal is converted and amplified to an electrical signal by coupling of the crystals to photomultiplier tubes. PET scanners consist of stacks of rings of such detectors. An event is recorded only when two gamma rays arrive simultaneously at two detectors. The data collected in this way can be reconstructed for each ring into a two-dimensional image by back-projection methods similar to those used in x-ray computed tomography [12] . The number of images obtained will be equal to the number of rings. By recording coincident arrival of gamma rays between detector pairs in all rings rather than within just one, images can be reconstructed in many different planes [32] . This scanning mode is very much more sensitive as many more photon emissions are recorded simultaneously. This increases recording efficiency allowing a reduction in the amount of radiation exposure to subjects [23] . The spatial resolution of the whole system is determined by, among other factors, the size and number of the detectors within a ring, the separation and number of the detector rings and the distance positrons travel before annihilation. The resolution can be improved by moving the whole system slightly during data acquisition to increase the number of sampling points. This is known as "wobbling". The final image will be degraded by absorption and scatter of radiation within tissue. These errors can be partially corrected for by calibrating the system using a standardized source of radiation known as a phantom. In practice, the overall resolution of modern PET systems is under 1 cm and approaches the theoretical limit imposed by the distance travelled by positrons before annihilation.
Most PET studies of cerebral activity have used injected H2 15 O or inhaled C 15 O2 as tracers to measure regional cerebral blood flow. In addition many receptor ligands have been labelled with positron emitting isotopes allowing the in vivo mapping of receptor distribution. One such ligand is 11 Cdiprenorphine which binds non-specifically to -, ␦-and -opioid receptors [34] . Positron emitting isotopes are very short lived. The half lives of 15 O and 11 C are 2 min and 20 min, respectively. To manufacture such isotopes and then incorporate them into biological molecules while they still possess useful radioactivity requires the presence on site of both a cyclotron to produce the isotopes and facilities for rapid chemical manufacture. This makes PET a very expensive technique. Mini-cyclotrons are now available that can be used for the manufacture of H2 15 O on demand.
Ligand binding studies can take over 2 h each, and several hundred millilitres of blood may be withdrawn by continuous arterial sampling to allow calculation of binding kinetics. Flow studies usually take only 1 or 2 min, and it is now possible to obtain values of relative rCBF without arterial sampling.
Studies of cerebral activation are performed by making multiple measurements of rCBF during the repetitive presentation of a stimulus or performance of a task and then repeating the study using a baseline stimulus or task. To obtain sufficient data it is usually necessary to combine data from several subjects. To do this, after making corrections for changes in global blood flow, the data from each subject are transformed to fit a standard stereotactic space, usually based on a specific brain atlas [36] . The pooled data sets obtained during the experimental and baseline conditions are then subtracted from one another. The resulting data set represents a volume made up of elements known as voxels. The value of each voxel represents the local change in rCBF. In the absence of activation, their values have a Gaussian distribution. As there are thousands of voxels in each data volume, even in the absence of true activation, some will be expected to show large deviations from the sample mean. To correct for this the data set is further manipulated, also taking into account other factors such as the smoothing effects of combining images, and that areas of activation consist of many contiguous voxels with values that do not vary independently of each other. The final image is displayed as a map of statistical difference. There are several ways of performing such analyses. A well-established method is to demarcate each individual area of interest by hand. This is known as region of interest (ROI) analysis. Recently, more powerful methods are routinely used that display information as statistical parametric maps (SPM) [14, 38] .
Ligand-binding studies have traditionally required calculation of kinetic variables dependent on assumptions about the number of tissue compartments for data obtained from predefined regions of interest. The new technique of spectral analysis has allowed the generation of data sets without an assumed kinetic model that can then be manipulated to produce a final SPM image [7] .
Finally, images are often coregistered to MRI scans. When adequate information is available from single subjects, this can help in localization.
PET STUDIES OF EXPERIMENTAL PAIN IN HEALTHY
SUBJECTS
PET studies of pain published to date can be divided into those on normal volunteers and those on patients with pain. The volunteer studies have all used phasic painful heat as the stimulus. This should primarily activate C-nociceptors [40] . There are several findings in common between these studies. The most consistent is that acute heat pain activates the In particular, only some studies showed activation of the primary sensory cortex. One explanation of these variations is that they may have arisen from slight differences in the stimulation protocols used. These experiments will now be considered in detail. The findings are summarized in table 2. Talbot and colleagues used eight male subjects in their initial study [37] . Heat was supplied through a Peltier device. This has the property of changing temperature in response to an electric current. Each subject had several PET scans while receiving a series of 5-s heat pulses to the volar forearm. During separate scans the heat pulses were either hot and painful (48-49 ЊC) or just warm (41-42 ЊC). The data were pooled across subjects for each condition and subtracted to produce a resulting image showing regions that were apparently activated by heat pain alone and not just non-painful heat. There were four areas of significant activation, all contralateral to the stimulus: two regions in Brodmann's area 24 (approximating to the anterior cingulate cortex), an area in the parietal cortex corresponding to the secondary somatosensory cortex (SII) and the arm area of the primary somatosensory cortex (SI) ( fig.  1 ). There was also a non-significant increase in ipsilateral SII.
Jones and colleagues performed a similar study on six male subjects [21] using three conditions; warm (mean 36.3 ЊC), hot non-painful (mean 41.3 ЊC) and hot painful (mean 46.4 ЊC). Data were pooled and compared and converted to statistical parametric maps. Comparing the warm and non-painful hot conditions produced no significant activation, but comparing the non-painful and painful hot conditions showed rCBF increases in the contralateral lentiform nucleus, thalamus, and anterior cingulate cortex. In contrast with Talbot and colleagues [37] , no changes were seen in the SI or SII cortex.
It is possible that the areas of activation seen in the experiments of both groups may have been the result of the perception of intensity differences between control and experimental stimuli rather than the perception of pain. Casey and colleagues carried out two studies in a total of 18 subjects [3] . In the first study, nine subjects received three 1-min scans each with cycles of 5-s heat stimuli to the forearm at 40 ЊC (warm) and three more during 50 ЊC (painful hot) stimuli. In the second study the forearm was first cooled to a resting temperature of about 10 ЊC below that in the first study. Stimulus temperatures of 32 ЊC or 42 ЊC were then used to give a similar rise from resting skin temperature as in the first experiment, but with none of the stimuli perceived as painful. They analysed their data using both region of interest and SPM type methods. The second experiment showed no sites of activation. The first experiment showed significant increases in blood flow in nine regions when comparing hot painful and warm conditions. Only two of these areas, the contralateral thalamus and the contralateral S2 cortex were identified by both analyses. Contralateral cingulate and SI cortex as well as ipsilateral SII cortex showed rCBF increases just with the ROI type analysis ( fig. 1 ). There was also activation in the cerebellar vermis, a region outside the area scanned by other groups. In a further study, Coghill and colleagues compared hot painful (48 ЊC) and neutral (34 ЊC) stimuli and in addition used a 110 Hz vibrotactile stimulus applied to the forearm [4] . They analysed their results using a three-dimensional statistical mapping method [38] . As with this group's previous study [37] , they showed that heat pain was associated with blood flow increases in contralateral SI, SII and Brodmann's area 24. Other areas activated included regions of the contralateral frontal lobe and an area in the insula, anterior to SII. The ipsilateral insula showed a non-significant rise in rCBF. The contralateral thalamus was also activated, an area not scanned in their previous experiment (see table 2 ). There were also decreases in rCBF in the contralateral posterior cingulate cortex and the orbital gyrus. The vibrotactile stimulus produced SI activation at the same site as pain and S2 activation, posterior to that seen during pain. It also produced ipsilateral S2 activation and bilateral insula activation anterior to S2. There was a non-significant increase in rCBF in area 24. There were also some decreases in rCBF seen, including one corresponding to that seen during pain in the contralateral orbital gyrus. No activation was seen in subcortical areas. When a direct statistical comparison was made between the pain and vibration conditions, the only area showing a significant increase in rCBF was the contralateral anterior insula.
Although Coghill and colleagues [4] saw more areas of activation than previously reported, they had compared heat pain with neutral warmth, not non-painful heat. They justified this on the basis of evidence that noxious heat would have suppressed activity in fibres conveying warmth [9] . Activation of areas of somatosensory cortex had not been reported by Jones's group. The reasons for this are not clear. It may have been due to the use of a less intense stimulus than other groups [10] , although SI activation was still seen by Casey and colleagues when this had been corrected for [3] . Another explanation is that unlike other groups, Jones and colleagues did not alter the site of the Peltier probe between scans, so eliminating a possible cause of somatosensory activation [24] . An important variation between studies is the way in which data have been processed. This is made particularly clear in Casey and colleagues' study [3] where more than one method of analysis was used on the same data. An overall conclusion is that although these studies do show important consistencies, suggesting the underlying validity of PET, there is still progress to be made in the methodology.
PET STUDIES OF IN VIVO OPIOID BINDING
The use of PET to map in vivo opiate binding has also been applied to the study of both patients with pain and normal volunteers. The two ligands that have been widely used are 11 C-diprenorphine which binds equally to -, ␦-and -receptors, and 11 Ccarfentanil, a fentanyl derivative which is relatively -receptor specific. The differences in receptor affinity between these ligands result in differences in regional distribution in in vivo studies. When compared with 11 C-carfentanil, 11 C-diprenorphine shows proportionally greater binding in the cingulate and frontal cortex and striatum relative to the thalamus. This reflects the number of non--opioid receptors at these sites [34] . Eventually it should be possible to produce radioligands specific for individual opioid receptors. Drugs in clinical use such as morphine, diamorphine, codeine and pethidine have also been labelled but have not shown specific binding [18] . Using 11 C-diprenorphine, Jones and colleagues [25] have demonstrated a similar receptor distribution to that described above [34] , but in addition they have shown that there is a strip of reduced ligand binding at the site of the primary motor/sensory cortex. More recently, this group has produced very high quality pictures of 11 Cdiprenorphine-binding distribution using the technique of spectral analysis. Although these studies are sensitive and produce good qualitative maps of binding, a major drawback is that absolute values of receptor concentration cannot be determined. Changes in ligand binding can be due to any combination of changes in receptor concentration, endogenous opioid concentration or radioligand affinity for receptors. This ultimately limits the value of these studies.
A study of four patients with rheumatoid arthritis demonstrates the usefulness and limitations of ligand studies [22] . These patients had 11 C-diprenorphine studies performed when they were suffering moderate to severe pain. The scans were then repeated when the pain was much less following treatment with non-steroidal anti-inflammatory drugs and steroids in three patients, and following a spontaneous remission in the fourth. Global increases in receptor binding were seen in many areas of cortex in all patients after pain reduction. With the data presented it is difficult to make meaningful comments about changes in the distribution of binding; however, the results definitely show that a reduction in pain has been accompanied by a change in the opioid system. If it assumed that a change in receptor affinity is unlikely, this study still cannot distinguish between receptor upregulation or a decrease in levels of endogenous opioid or a mixture of both.
Single photon emission computed tomography
TECHNIQUE
Like PET, single photon emission computed tomography (SPECT) depends on recording gamma emissions from injected radionuclides; however, the isotopes used emit single photons of lower energy. Events are recorded by scintillation detectors utilizing sodium iodide crystals. There are many systems available with different detector configurations. Some systems, such as rotating gamma cameras, build up images by rotating from one to four gamma cameras mounted on a gantry around the subject. Single-head systems of this type have a spatial resolution of about 15 mm [26] . Other systems consist of various arrays of ring detectors that can record information simultaneously from many angles and are constructed specifically for brain imaging. These can have a spatial resolution of up to 7 mm. All systems are designed to bring the detectors as close as possible to the subject as resolution decreases rapidly with distance.
The radionuclides commonly used in SPECT are used to measure blood flow by crossing the bloodbrain barrier and then becoming trapped. Amphetamine derivatives such as 123 iodine-isopropyliodoamphetamine (IMP) have been used for this purpose, but 98m technetium-hexamethyl propylamine oxime ( 99m Tc-HMPAO) has proved to have the best characteristics. This lipophilic chemically unstable complex is trapped on crossing the bloodbrain barrier by being converted to a hydrophilic compound. It can easily be produced from commercially available "cold-kits" by reconstitution with 99m Tc which has a half-life of 6 h [6] . The relative ease of producing the required radiochemicals in addition to the cheaper cost of some of the scanning equipment makes SPECT a much cheaper proposition than PET. The disadvantages are poorer resolution and the slow clearance of the radiochemicals used mean that rapidly repeated activation studies are usually not possible. An exception is the use of inhaled 133 xenon. This can be used for multiple studies because of its rapid clearance, however this plus the low energy of its photon emissions results in images of low resolution [26] .
SPECT PAIN STUDIES IN NORMAL SUBJECTS
Owing to its low temporal resolution compared with PET, SPECT activation studies have used tonic rather than phasic pain stimuli and there has also been greater emphasis on studies of baseline blood flow. The lower spatial resolution has led to less specific findings than in PET studies.
Apkarian and colleagues [1] have used tonic heat pain as a stimulus with 99m
Tc-HMPAO as a marker of blood flow. Three volunteers each had three scans, separated by at least 2 weeks. All subjects had scans after immersion of their left hands in water at about 46 ЊC (perceived as painful) and also at 36 ЊC (perceived as neutral or tepid). On a third occasion one subject received a vibration stimulus to a finger, another undertook a sensorimotor task, and the third subject received a further painful stimulus, this time to the right hand. The data were analysed individually for each subject using ROI analysis and then co-registering the final maps to MRI images. The only consistent change seen during the pain stimulus was a decrease in contralateral parietal rCBF, which became statistically significant if the ROI was limited to the primary somatosensory cortex. In contrast, the innocuous sensory stimuli produced an increase in parietal blood flow.
Another group used the cold pressor test as a pain stimulus in seven subjects [8] . This stimulus consisted of immersing the left hand in ice-cold water for 7 min. This causes a rapid onset of pain with minimal adaptation. Inhaled
133
Xe was used as the tracer, allowing scans at baseline (no stimulus), and immediately following the pain stimulus to be performed during the same morning. This study showed significant increases in blood flow in contralateral primary somatosensory and frontal cortex, there were also lesser increases in rCBF in both temporal lobes. The contradictory results of these two tonic pain studies are difficult to reconcile. However the two studies did use different stimuli, which makes a direct comparison difficult.
Functional magnetic resonance imaging
TECHNIQUE
Functional magnetic resonance imaging (fMRI) is used to detect localized changes in blood oxygenation. During cerebral activation the increases in local blood flow is accompanied by a much smaller increase in local oxygen consumption, so that venous blood becomes relatively oxygen enriched [13] . As oxygen has paramagnetic properties, the change in local oxyhaemoglobin concentration compared with the surrounding tissue results in a magnetically inhomogeneous local environment. This alters the behaviour of local hydrogen nuclei, changing the signal that is obtained during the decay of transverse magnetization induced in these protons by a radio frequency pulse. It is alteration in this signal (T2*) that is used as a measure of change of local cerebral activity. This method is known as BOLD (blood oxygenation level dependent) and has the advantage of being totally non-invasive [5] .
Standard MRI techniques are far too time consuming to measure the rapid changes in venous oxygenation occurring during cerebral activation. To measure these a variety of rapid imaging methods can be used. The most promising to date has been echo-planar imaging (EPI), a technique devised originally in 1977, but only recently coming into clinical use [35] .
Standard MRI images are constructed from signals obtained after a subject is placed in a strong magnetic field, which causes a very small magnetization in biological tissues, as atomic nuclei are forced into alignment with the main magnetic field. If a brief radiofrequency (RF) pulse is placed at right angles to the main field, the nuclei can be made to precess at an angle from the main field, which depends on the energy of the RF pulse. As the rotation of the nuclei relaxes back to their equilibrium position, they give off a small RF signal which can be detected. The characteristics of this decay vary for different tissue types allowing the detection of contrast. The field in the MRI magnet core must be as homogeneous as possible, but by the use of electromagnetic coils, this field can be made to vary in a linear manner along any axis. Such a field is known as a gradient. It is by applying such gradients in different axes at the time of the RF pulse, that positional information is obtained. To build up a whole image, complex sequences of pulses and gradient fields are applied.
Standard MRI is slow as it requires many such sequences with different gradients to build up a whole image. By rapidly varying the gradient fields, during the echo sequence, EPI can obtain information during just one pulse sequence. A typical EPI image can be obtained in a few milliseconds. It is possible to obtain a 10-slice scan of the whole brain in 1 or 2 s. As the pulse sequences used are very complex, not surprisingly, there are many other techniques of fast MRI available, some of which have applications for functional studies.
There are several drawbacks of EPI and other rapid MRI techniques. EPI resolution is much poorer than standard MRI, being typically a few millimetres. EPI is dependent on high quality high field magnets (at least 1 Tesla), to produce a sufficient signal. The higher the field intensity, the better the signal, but the greater is the difficulty in creating a stable, homogeneous field. The rate of change of gradient fields required is such that local tissue heating and excitation is a safety issue. fMRI is sensitive to subject movements of just a few millimetres producing artefacts on the final images, so much effort is being put into producing software to co-register individual images accurately. Changes in regional cerebral blood flow might produce alterations in flow through veins, even at some distance from a true site of activation that might be detected as activation by fMRI [16, 27] . This effect may be less marked using stronger magnets [20] .
There are problems associated with designing experimental protocols using equipment that can safely be used close to a magnet. For example, the type of Peltier devices used in much PET work could not be used. The rapid generation of data produced by fMRI, and intensive processing needed, requires sufficient computing power to be able to collect it all. Having said all this, the cost of a functional MRI unit compares very favourably with PET units. In addition, it is possible to convert some existing MRI scanners to this technology for a fraction of the cost of a new machine. This means, in practice, that such techniques will become far more widely available than PET, and as they are non-invasive, there will be far more opportunity to use them for clinical studies, especially those where subjects receive multiple scans.
MRI data are received in the form of phase and frequency information from which an image is produced by Fourier transformation. This image can then be manipulated in a similar manner to PET data. Although data from several subjects can be pooled, as with PET, a sufficient signal is often obtained from an individual subject, making it unnecessary to combine images from different subjects. Combined with the inherently greater spatial resolution of EPI, this results in much better localization of sites of activation than can be achieved with radionuclide techniques. The temporal resolution is also somewhat better than PET, changes in signal being detectable a few seconds after the start of a stimulus.
Magnetoencephalography
Both magnetoencephalography (MEG) and electroencephalography (EEG) can be used to produce topographic maps of brain activity. It is not within the scope of this review to discuss in detail the large number of published reports on studies of pain involving the recording of electrical and magnetic brain potentials using these techniques. Brief mention should however be made of the rapidly developing technique of magnetic source imaging (MSI) which combines functional data from MEG with structural MRI images. To produce these maps, many assumptions must be made in processing the data, not least of which are those made about the size and shape of the signal sources, as these cannot be uniquely calculated from the potentials recorded (the so-called inverse problem). For modelling MEG data, accurate results can be achieved by assuming the head is a homogeneously conducting sphere, as opposed to EEG data where the problem is much more complex as the shape and conductivity of different tissues must be known accurately. The magnetic potentials are recorded by superconducting quantum interference device (SQUID) magnetometers which require cooling with liquid helium and must be placed as close to the surface of the brain as possible. Deep sources are more difficult to localize as the magnetic field is more diffuse. This limits the technique in practice to the cortical grey matter. By simultaneously recording with multiple SQUID devices during repeated stimuli or tasks, equivalent current dipoles can be localized to within 1 mm. The results can then be displayed co-registered to high resolution MRI images [11, 15, 17] . At present, systems with tens of channels are available, covering localized areas of cortex, but it is feasible to make systems covering the whole of the brain. Another advantage of these systems is their high temporal resolution. This is of the order of milliseconds, far better than anything achieved with blood flowdependent technologies.
The drawbacks of MEG are its great cost and the requirements for a specially shielded environment. The magnetic fields produced by the brain are so small (10 913 Tesla compared with 5 10 95 Tesla for the earth's magnetic field), that even a car passing on a road outside can ruin an experiment. Conse-quently it may be necessary to conduct studies late at night when traffic is reduced.
No studies of pain using MEG have yet appeared. However, there have been several studies of somatic sensation, some of which have shown marked changes in sensory maps in SI following limb deafferentation [31] . One group has shown shifts in cortical maps of several centimetres when compared with the unaffected side in two patients, one with a brachial plexus avulsion and one with a forearm amputation [39] . This amount of cortical reorganization following long-term denervation has only been recognized recently in primates [30] . These results have now been confirmed in more recent studies, including one where MEG recordings were made before and a few weeks after the separation of syndactalous digits in two adults [28] . MEG has much potential for the study of subjects with chronic pain, especially where high resolution cortical maps form part of the study.
Conclusion
The application of functional neuroimaging to pain is still in its infancy. Inevitably, many of the studies have been limited to very simple experimental protocols. Even with these, the results presented by different groups have not always agreed. When these techniques have been applied to more complex situations, results become even more difficult to interpret and researchers have often resorted to speculation. The most robust conclusions derived from these methods are that changes in activity of areas of the di-and telencephalon are associated with the perception of pain. These include thalamus, anterior cingulate cortex, and probably primary and secondary sensory cortex. Such findings have been known from other research methods for many years, in some cases for more than a century and the early imaging studies have reproduced some old findings. As these new methods become established, they should contribute to our understanding of cerebral pain mechanisms. Functional neuroimaging must not be used in isolation, but must be combined with other research methods, not the least of which is close clinical observation. The way forward will be to use these techniques in the study of selected groups of patients with specific well characterized conditions, who can be followed up over extended periods, and in whom specific questions can be asked regarding pain and cortical function.
